Introduction
============

Stem cell therapy aimed at restoring organ function, notably myocardial repair and regeneration postmyocardial infarction (MI), is one of the most exciting and promising frontiers of medical research. While new pharmacotherapies and advances in interventional cardiology have significantly reduced the mortality of ischemic heart disease and heart failure, there remains an ongoing need for innovative cell‐based therapies that can prevent or reverse cardiac ventricular remodeling post‐MI. Although questions remain on how to best implement cell‐based interventions, a growing number of preclinical studies and clinical trials have demonstrated the safety of a variety of adult stem cell types. This review will focus on the collective progress in cardiovascular regenerative medicine, with particular emphasis on the findings from the most recently published or announced clinical trials: the PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis (POSEIDON),^[@b1]^ the Stem Cell Infusion in Patients with Ischemic cardiomyopathy (SCIPIO),^[@b2]--[@b4]^ Cardiosphere‐Derived aUtologous stem Cells to reverse ventricUlar dySfunction (CADUCEUS),^[@b5]^ the Swiss Multicenter Intracoronary Stem Cells Study in Acute Myocardial Infarction (SWISS‐AMI),^[@b6]--[@b7]^ the AutoLogous Human Cardiac‐Derived Stem Cell to Treat Ischemic cArdiomyopathy (ALCADIA)^[@b8]^ (NCT00981006), the Cardiovascular Cell Therapy Research Network (CCTRN) trials, the Transplantation In Myocardial Infarction Evaluation (TIME),^[@b9]^ LateTIME,^[@b10]^ the First Mononuclear Cells injected in the United States conducted by the CCTRN (FOCUS‐CCTRN),^[@b11]^ and the Cardiopoietic stem Cell therapy in heart failURE (C‐CURE) trial.^[@b12]^ These trials illustrate how a novel intervention like stem cell therapy requires innovative evaluation and assessment tools that place an emphasis on clinical parameters and imaging techniques. From dosing and delivery to evaluating efficacy, stem cell therapy provides not only opportunities but also challenges in our quest to develop an effective and sustainable therapeutic intervention for cardiomyopathies.

To date, researchers have experimented with multiple cell types in preclinical and clinical studies to determine which cell lines prove most safe and efficacious. At first, embryonic stem cells (ESC) and skeletal myoblasts were evaluated as viable options, but the most promising results have recently become evident from bone marrow‐derived mesenchymal stem cells, cardiac stem cells, and cardiospheres.^[@b13]--[@b14]^

Studies Employing Pluripotent Stem Cells and Skeletal Myoblasts
===============================================================

Initial studies with ESCs reported surprisingly low rates of cardiac differentiation, and high rates of teratoma formation, immunologic responses, and cell rejection.^[@b13]^ Additionally, the ethical concerns surrounding their use have impaired their development into clinical trials. A major scientific advance that circumvented the ethical concerns was the discovery of methods to reprogram adult somatic cells (ie, fibroblast and epithelial cells) into a pluripotent state, termed inducible pluripotent stem (iPS) cells. While iPS cells may serve as an alternative to ESCs, many questions and concerns remain regarding tumorigenicity, durability, and viability of this approach.^[@b13]--[@b15]^

Skeletal myoblasts are a cluster of quiescent stem cells found in muscle fibers that have demonstrated the ability to regenerate after muscle tissue damage. Research groups led by Taylor et al and Menashe et al demonstrated experimentally that skeletal myoblast injections into infarcted cardiac muscle resulted in improved contractility.^[@b15]--[@b17]^ However, it was later demonstrated that skeletal myoblasts do not express connexin 43 and cannot electrically couple with endogenous cardiac myocytes, increasing risk for ventricular tachyarrhythmias.^[@b17]--[@b18]^

Clinical Trials Employing Bone Marrow‐Derived Mononuclear Cells (BM‐MNCs)
=========================================================================

Acute Myocardial Infarction
---------------------------

Adult bone marrow is a source of heterogeneous stem cells and precursor lineage cells that are hypothesized to have the potential to differentiate into cardiac cellular elements and/or provide paracrine or miracrine support to the healing heart.^[@b14],[@b19]--[@b20]^ Because of the easy accessibility of whole bone marrow, clinical trials began immediately in the early 2000s following provocative findings obtained in animal models that bone marrow cells could reduce infarct size and improve left ventricular (LV) function following MI. The 2 most influential early clinical trials were the BOne marrOw transfer to enhance ST‐elevation infarct regeneration (BOOST)^[@b21]^ and the Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute Myocardial Infarction (REPAIR‐AMI).^[@b22]^ Data from the BOOST and REPAIR‐AMI clinical trials demonstrated that intracoronary BM‐MNC delivery led to a 6.7% point improvement in left ventricular ejection fraction (LVEF) at 6 months and a 5.5% point improvement in LVEF at 4 months, respectively ([Figure 1](#fig01){ref-type="fig"}A and [1](#fig01){ref-type="fig"}B). In addition, the REPAIR‐AMI showed increased event‐free survival at 12 months after treatment ([Figure 1](#fig01){ref-type="fig"}C and [1](#fig01){ref-type="fig"}D).

![Benefits of bone marrow mononuclear cell (BM‐MNC) therapy. A and B, Intracoronary BM‐MNC delivery led to a 6.7% point improvement in left ventricular ejection fraction (LVEF) at 6 months in the BOOST clinical trial and to 5.5% improvement in LVEF at 4 months in the REPAIR‐AMI clinical trial, respectively. C, Kaplan--Meier event‐free survival analysis in the REPAIR‐AMI at 12 months showed better survival from death, recurrence of myocardial infarction, or revascularization procedures and (D) death, recurrence of myocardial infarction, or rehospitalization for heart failure in the BM‐MNC group. Panel A was reproduced with permission from Wollert et al, *Lancet*, 2004,^[@b21]^ panel B from Schachinger et al, *New England Journal of Medicine*, 2006,^[@b22]^ and panels C and D from Schachinger et al, *European Heart Journal*, 2006.^[@b23]^ BOOST indicates BOne marrOw transfer to enhance ST‐elevation infarct regeneration; REPAIR‐AMI, Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute Myocardial Infarction.](jah3-2-e000338-g1){#fig01}

Many clinical trials explored timing of intracoronary delivery. REPAIR AMI suggested that 5 to 7 days after acute MI produced a superior improvement in global cardiac function (LVEF) when compared to an earlier delivery time.^[@b23]^ Several recent trials led by the National Heart, Lung, and Blood Institute (NHLBI) CCTRN, devoted major attention to the timing of intracoronary bone marrow therapy following MI. The TIME trial conducted by Traverse et al^[@b9]^ enrolled 120 patients with LV dysfunction (ejection fraction \[EF\] \<45%) who had undergone a successful percutaneous coronary intervention (PCI) for anterior wall STEMI and assessed whether delivery of autologous BM‐MNC at 3 or 7 days would improve global LVEF and regional LV function. Autologous BM‐MNCs (150 million) were administered via the intracoronary route. Contrary to the REPAIR‐AMI findings, at the 6‐month time point there was no significant improvement in global or regional LV function, as measured by cardiac magnetic resonance imaging (MRI), in the BM‐MNC group when compared to the controls, regardless of which day (3 or 7) the cells were given to the patient. The recently published LateTIME trial tested whether delaying BM‐MNC delivery for 2 to 3 weeks following MI and primary PCI improves global and regional LV function.^[@b10]^ Similar to the TIME trial results, in LateTIME there were no significant changes between baseline and 6‐month measures in LVEF, wall motion of the infarct zone, and wall motion of the border zone, as measured by cardiac MRI, in the BM‐MNC group compared to placebo. Although the results of the TIME and LateTIME trials demonstrated that intracoronary autologous BM‐MNC delivery at the 3 or 7 day and 2 to 3 week time point after MI was not effective for improving LV function, long‐term follow‐up and designation of new endpoints may reveal previously hidden benefits of this type of cell therapy. However, it has become increasingly evident that stem cell and patient characteristics influence therapeutic effect.^[@b24]--[@b25]^ In this regard, BM‐MNCs secrete lower amounts of angiogenic and antiapoptotic growth factors than other cell types.^[@b24]^ The percentage of CD34+ and CD133+ cells in BM‐MNCs is important because these cell populations secrete factors that recruit cells, promote cell survival, increase microvascular density, and rescue cardiomyocytes from hibernation.^[@b26]--[@b27]^ Moreover, a beneficial effect of infarct‐related artery infusion of autologous CD34 cells after STEMI on perfusion and infarct size was shown in the AMR‐01 clinical trial.^[@b28]^ In TIME and LateTIME, the percentage of CD34+ and CD133+ cells was low, ≈2% and 1%, respectively. There is also substantial evidence that ischemic heart disease and aging negatively impact the regenerative capacity of autologous stem cells,^[@b25],[@b29]--[@b31]^ thus supporting the use of allogeneic cell therapy.^[@b1]^

Similar results to TIME and LateTIME were seen in the SWISS‐AMI, a more recent study investigating autologous BM‐MNCs in patients with STEMI.^[@b6]--[@b7]^ Sürder et al enrolled 67 patients and aimed to improve LV dysfunction after acute MI by utilizing intracoronary infusion of BM‐MNCs cells at 5 to 7 days or 3 to 4 weeks after primary PCI. At the 4‐month time point, there was no significant improvement in LVEF in either the early or late infusion times.^[@b7]^ Additionally, there was no evidence of significant improvement in endpoints including LV volume, scar size, and myocardial thickness in the infarct region. Although there was no demonstrated efficacy at the 4‐month time point, the researchers showed that the use of BM‐MNCs was safe, as there was no significant difference in adverse events among the groups. Patients will continue to be followed until the 12‐month time point in order to determine if there is a delayed benefit from the BM‐MNC therapeutic intervention.

Chronic Ischemic Cardiomyopathy
===============================

BM‐MNCs have also been tested for chronic ischemic heart failure. The FOCUS‐CCTRN was a phase II trial that investigated the efficacy of transendocardial delivery of BM‐MNCs on LV performance and perfusion at 6 months in patients with chronic ischemic cardiomyopathy.^[@b11]^ Similar to BM‐MNC trials in AMI, this study showed no significant effect on LV end‐systolic volume, maximal oxygen consumption, or myocardial perfusion. However, exploratory analyses demonstrated significant improvement in stroke volume and LVEF that was associated with higher bone marrow CD34+ and CD133+ progenitor cell counts, suggesting the highly important concepts that the cellular composition of the bone marrow determines clinical efficacy and that certain cell populations provide greater regenerative benefit.

One of the challenging aspects of stem cell efficacy is poor cell retention, especially in the chronic heart failure setting. Preclinical studies have demonstrated that extracorporeal shock wave treatment, similar to that used to treat nephrolithiasis, increases homing factors and chemokines such as stromal cell‐derived factor 1 (SDF‐1),^[@b32]^ which translated into a higher retention of BM‐MNCs in the myocardium.^[@b33]^ In the recently published phase I/II placebo‐controlled CELLWAVE (NCT NCT00326989) trial, a total of 103 patients with chronic heart failure were randomized into 5 different arms that were designed to assess dose‐responsiveness (low and high) of shock wave pretreatment with or without subsequent intracoronary BM‐MNC delivery.^[@b34]^ Assmus et al showed that patients receiving shock wave treatment prior to intracoronary BM‐MNC infusion had a modest but significant improvement in LVEF (absolute change of 3.2% when compared to shock wave/placebo infusion group) and improvement in wall thickening of the infarcted segments at the 4‐month time point when compared to the placebo group. This new approach to enhance homing can be translated to subpopulations of BM‐MNCs as well as other stem cells that express the SDF‐1 receptor. While these findings are promising, a larger clinical trial is necessary to thoroughly evaluate the safety of the approach and potential improvements in clinical outcomes.

Future Direction of BM‐MNCs
===========================

Together the aforementioned studies support the safety profile of BM‐MNCs in acute and chronic ischemic cardiomyopathy. Some of the trials^[@b7],[@b9]--[@b10]^ also highlight the need for more optimization studies to determine the ideal time for cell delivery after acute MI. Interestingly, 2 meta‐analyses^[@b35]--[@b36]^ have provided evidence of efficacy. Indeed, their findings suggest that BM‐MNC therapy prevents remodeling by reducing infarct size and LV chamber enlargement and these benefits persisted during long‐term follow‐up. Importantly, one of these meta‐analyses confirmed a long‐observed clinical benefit that is out of proportion to increases in cardiac function: BM‐MNC therapy reduced the incidence of death, recurrent MI, and stent thrombosis in patients with ischemic heart disease.^[@b35]^

The field of BM‐MNC cell therapy is at a crucial crossroads. The benefits of BM‐MNCs include their accessibility, ability to obtain large quantity of cells without a need for ex vivo expansion, and vast clinical experience with bone marrow transplantation.^[@b19]^ Additionally, multiple phase I clinical trials have established the safety profile of this cell type^[@b35]--[@b36]^; however, the recent results from TIME, LateTIME, and FOCUS have not demonstrated the efficacy of BM‐MNCs.^[@b9]--[@b11]^ The completed phase I trials were primarily focused on establishing the safety profile of BM‐MNCs, and efficacy results were limited by the small number of patients. To address the limitations of the smaller studies, a multicenter, randomized, controlled, phase III study, The Effect of Intracoronary Reinfusion of BM‐MNC on All Cause Mortality in Acute Myocardial Infarction (BAMI) trial (NCT01569178) is underway and is adequately powered to detect evidence of efficacy. Regardless of outcome, this trial will be the first with adequate power and rigorous design that addresses clinical outcomes as opposed to surrogates for patients with acute MI. Meanwhile, investigators have placed increasing emphasis and focus on other well understood and potentially promising cell types, such as mesenchymal stem cells, cardiac stem cells, and cell combinations.

Clinical Trials Employing Mesenchymal Stem Cells
================================================

Mesenchymal stem cells (MSCs), which were first identified over 4 decades ago, are under active investigation for their regenerative potential and are thought to be a possible lead candidate for the active constituent in bone marrow.^[@b20]^ MSCs, initially described as plastic‐adherent stromal cells, are a multipotent cell line capable of forming colonies and differentiating into mesodermal (bone, fat, cartilage) and nonmesodermal lineages.^[@b20]^ Originally thought to reside in bone marrow, they have now been isolated from diverse tissue sources.^[@b37]^ Results from large‐animal models demonstrate that MSCs have the ability to engraft, differentiate into myocytes, vascular smooth muscle and endothelial cells, and enhance cardiovascular hemodynamic parameters.^[@b20],[@b38]--[@b41]^ The ease in preparation, immunoprivilege properties, and multipotent nature have made MSCs very promising for cardiac cell therapy,^[@b14]--[@b15],[@b20],[@b42]^ as recently shown in the Transendocardial Autologous Cells in Ischemic Heart Failure (TAC‐HFT) and POSEIDON clinical trials.^[@b1],[@b43]^

MSCs have immunosuppressive and immunomodulatory properties. They do not express Major Histocompatibility Class II antigens or the B7 and CD40 ligand costimulatory molecules.^[@b44]--[@b45]^ Additionally, they can suppress innate immunity, making allogeneic transplantation of MSCs feasible.^[@b45]^

MSCs for Acute Myocardial Infarction
------------------------------------

The ability to collect and store allogeneic stem cells from healthy donors has advantages over the harvesting and expansion of a patient\'s autologous cells, particularly their availability for timely transplant in the setting of acute MI.^[@b46]^ The first major study of allogeneic MSCs was a phase I, multi‐center, randomized, double‐blinded, placebo‐controlled study^[@b46]^ in patients with acute myocardial infarction. Patients (n=53) were treated 3 to 10 days post‐MI with 1 of 3 cell‐dose levels (0.5, 1.6, and 5.0 mol/L allogeneic MSCs/kg) or placebo, administered intravenously, and followed for 6 months. With regard to safety, there were no deaths, toxicity, or serious adverse events following the administration of the allogeneic MSCs. Patients in the MSC‐treated group experienced fewer arrhythmic events and an improvement in their overall clinical status at 6 months as compared to those receiving placebo. In addition, patients in the MSC group with major anterior wall MI had a significant improvement in EF at 3 months and 6 months over baseline, while similar patients receiving placebo did not have significant improvement. These provocative results led to a phase II, 220 patient study in the setting of acute MI with depressed EF. It was preliminarily reported by Osiris in July 2012 (unpublished findings) that a single intravenous infusion of either allogeneic MSCs or placebo within 7 days of an acute MI significantly reduced cardiac hypertrophy, stress‐induced ventricular arrhythmia, heart failure, and rehospitalization for cardiac complications compared to patients receiving placebo. The full impact of this study awaits publication of the data.

MSCs for Chronic Ischemic Cardiomyopathy
----------------------------------------

MSCs are also thought to have a role for established ischemic cardiomyopathy. While allogeneic MSCs appeared safe, a direct comparison with their autologous counterparts had never been conducted. To address this, our group performed a phase I/II randomized trial to compare the safety and efficacy of allogeneic and autologous MSCs delivered via transendocardial injection in patients with chronic ischemic cardiomyopathy. In the POSEIDON trial, 30 patients were assigned to 6 subgroups based on type of MSC (allogeneic or autologous) and dose (20, 100, and 200 million).^[@b1],[@b47]^ At 13‐month follow‐up, the results showed that both allogeneic and autologous MSCs were safe and efficacious. MSC therapy was associated with reversal of LV remodeling (Figures [2](#fig02){ref-type="fig"} through [4](#fig04){ref-type="fig"}), reduction in myocardial scar size (measured by CT imaging as early enhancement defect \[EED\] (Figures [5](#fig05){ref-type="fig"} and [6](#fig06){ref-type="fig"}C),^[@b48]--[@b49]^ and improvement in patient functional capacity and quality of life ([Figure 7](#fig07){ref-type="fig"}). Neither cell type showed a significant improvement in EF. Although this initial study was limited by lack of a placebo group, it validated the safety profile of allogeneic MSCs and encourages a larger phase II trial to establish efficacy of MSC therapy. Importantly, this trial provided crucial immunologic data, showing that the allogeneic cell recipients did not mount anti‐donor antibodies that could potentially limit subsequent organ transplantation options.

![Reduction of left ventricular end‐diastolic volume (EDV) in the POSEIDON study. MDCT images (4 chamber and short axis view) of a patient with chronic ischemic cardiomyopathy (A) before (EDV 176.1 mL) and (B) after transendocardial stem cell injection (TESI) with 20 million autologous mesenchymal stem cells (EDV 136.8 mL). MDCT indicates multi‐detector computer tomography; POSEIDON, PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis.](jah3-2-e000338-g2){#fig02}

![Reduction of left ventricular end‐systolic volume (ESV) in the POSEIDON study. MDCT images (4 chamber and short axis view) of a patient with chronic ischemic cardiomyopathy (A) before (ESV 126.9 mL) and (B) after transendocardial stem cell injection (TESI) with 20 million autologous MSCs (ESV 77.1 mL). MDCT indicates multi‐detector computer tomography; MSCs, mesenchymal stem cells; POSEIDON, PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis.](jah3-2-e000338-g3){#fig03}

![Comparison of end‐systolic and end‐diastolic volumes in POSEIDON and CADUCEUS trials. A and B, Chamber volumes in POSEIDON trial. Mean changes from baseline to 13 months are noted by triangles and depict changes in cardiac phenotype assessed by cardiac MDCT scan. Error bars indicate 95% CIs. Individual patient changes from baseline are shown as circles. Shown are changes in cardiac volumes from baseline to 13‐month follow‐up in allogeneic, autologous, and overall patient groups. Within‐group *P* values are noted as a *P*\<0.05. C and D, Chamber volumes in CADUCEUS study participants. C, Treatment effects (baseline vs 6 months) for end‐systolic volume. D, Treatment effects (baseline vs 6 months) for end‐diastolic volume. Panels A and B are reproduced with permission from Hare et al, *JAMA*, 2012.^[@b1]^ Panels C and D are reproduced with permission from Makkar et al, *Lancet*, 2012.^[@b5]^ CADUCEUS indicates Cardiosphere‐Derived aUtologous stem Cells to reverse ventricUlar dySfunction; CDCs, cardiosphere‐derived cells; CIs, confidence intervals; MDCT, multi‐detector computer tomography; MSCs, mesenchymal stem cells; POSEIDON, PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis.](jah3-2-e000338-g4){#fig04}

![Reduction of scar size (POSEIDON clinical trial). (Left) MDCT 3D reconstruction image with (Right) respective (A) basal and (B) midventricular short axis images of a patient with chronic ischemic cardiomyopathy with a scar size (MDCT‐EED outlined in red) of (A and B) 40.34 g and its reduction to (A\' and B\') 26.35 g after transendocardial stem cell injection (TESI) with allogeneic MSCs (100 million). EED indicates early enhancement defect; MDCT, multi‐detector computer tomography; MSCs, mesenchymal stem cells; POSEIDON, PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis.](jah3-2-e000338-g5){#fig05}

![Comparison of scar size reduction in (A) SCIPIO, (B) CADUCEUS, and (C) POSEIDON trials. A, SCIPIO Trial 1‐year follow‐up shows infarct size reduction at 4 and 12 months after CSC therapy. B, CADUCEUS trial showed decreases in scar mass and increases in viable mass on MRI in patients treated with CDCs but not controls. C, Myocardial infarct (MI) size reduction shown in POSEIDON trial. Panel A reproduced with permission from Chugh et al, *Circulation*, 2012^[@b4]^; panel B from Makkar et al, *Lancet*, 2012^[@b5]^; and panel C from Hare et al, *JAMA*, 2012.^[@b1]^ CADUCEUS indicates Cardiosphere‐Derived aUtologous stem Cells to reverse ventricUlar dySfunction; CDC, cardiosphere‐derived cell; CSCs, cardiac stem cells; EED, early enhancement defect; MRI, magnetic resonance imaging; MSCs, mesenchymal stem cells; POSEIDON, PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis; SCIPIO, Stem Cell Infusion in Patients with Ischemic cardiomyopathy.](jah3-2-e000338-g6){#fig06}

![Comparison of MLHFQ scores in POSEIDON and SCIPIO trials. A, POSEIDON trial showed improvement in MLHFQ score in the autologous MSC group at the 6‐ and 12‐month time points. B, SCIPIO trial demonstrated continuous improvement in MLHFQ score at 4 and 12 months. Panel A reproduced with permission from Hare et al, JAMA, 2012^[@b1]^ and panel B from Chugh et al, Circulation, 2012.^[@b4]^ CSCs indicates cardiac stem cells; MLHFQ, Minnesota Living with Heart Failure Questionnaire; MSC, mesenchymal stem cell; POSEIDON, PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis; SCIPIO, Stem Cell Infusion in Patients with Ischemic cardiomyopathy.](jah3-2-e000338-g7){#fig07}

The results from the POSEIDON study also provide a potentially attractive alternative cell source for patients who may have limited regenerative potential with their own cells. For example aging or prior chemotherapy may adversely affect the function and capabilities of MSCs,^[@b50]--[@b52]^ and this may contribute to impaired healing and recovery in aging populations. Thus the findings from POSEIDON supporting transplantation of allogeneic MSCs hold promise for the availability of cell‐based therapies for individuals with impaired endogenous cells.

MSCs are currently among the most promising source for successful cell therapy in ischemic cardiomyopathy, but concerns have been raised regarding tumorigenicity and ectopic tissue formation. This would be a serious complication^[@b53]^ that was suggested by studies using murine MSCs, which after certain number of passages were at a higher risk for mutations.^[@b54]--[@b55]^ However, this complication has not materialized in the POSEIDON^[@b1]^ population and that of other studies testing human MSCs in humans,^[@b46],[@b55]--[@b56]^ likely due to a limited differentiation capacity, since MSCs are multipotent and not pluripotent like embryonic stem cells. Moreover, MSCs appear to have a low level of sustained engraftment in humans,^[@b56]^ which reduces the long‐term risks of this therapy.

Bone marrow‐derived MSC precursors,^[@b57]--[@b61]^ cardiopoietic MSCs,^[@b12],[@b62]^ umbilical cord,^[@b63]--[@b64]^ placenta,^[@b65]^ and adipose‐derived MSCs^[@b66]--[@b67]^ are all currently under preclinical or clinical investigation for therapeutic potential ([Table](#tbl01){ref-type="table"}). These approaches provide additional translational opportunities for MSCs.

###### 

Future and Ongoing MSC Clinical Trials

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study Name                                                                                                                                                NCT \# Clinicaltrials.gov   Description                                                                                                                                                                                                                                                                                           Potential Advantages                                                                                   Status
  --------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------ ---------------------------------------
  Adipose‐Derived MSCs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  APOLLO Trial: A Randomized Clinical Trial of AdiPOse‐derived Stem ceLLs in the Treatment of Patients With ST‐elevation myOcardial Infarction              NCT00442806                 Phase I trial to establish the safety profile of adipose‐derived stem and regenerative cells (ADRCs) in patients who have suffered ST‐elevation AMI                                                                                                                                                   Ease of access to cells                                                                                Active Phase I, not recruiting

  ADVANCE Study: ADRCs Delivered Via the Intracoronary Route in the Treatment of Patients With ST‐elevation Acute Myocardial Infarction                     NCT01216995                 A double‐blind, prospective, randomized, placebo controlled safety and efficacy trial to evaluate the intracoronary delivery of ADRCs in patients with ST‐elevation AMI. Will enroll 216 patients                                                                                                     Ease of access to cells\                                                                               Phase II, recruiting
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Large patient population\                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Multi‐center                                                                                           

  MyStromalCell Trial: MesenchYmal STROMAL CELL Therapy in Patients With Chronic Myocardial Ischemia                                                        NCT01449032                 After promising pilot study that demonstrated safety of adipose‐derived MSCs, this will be a double‐blind, placebo‐controlled phase II to evaluate if adipose derived MSCs are able to improve cardiac tissue perfusion, exercise capacity and reduce symptoms in patients with CAD                   Ease of access to cells                                                                                Phase II, recruiting

  MSC Precursor Types                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  AMICI Trial: Safety Study of Allogeneic Mesenchymal Precursor Cell Infusion in MyoCardial Infarction                                                      NCT01781390                 Double‐blind, randomized, placebo‐controlled trial that will enroll 225 patients with AMI due to lesion in LAD. They will undergo revascularization with PCI followed by intracoronary delivery of placebo or Stro3 MPC cells. Conducted by Angioblast systems                                        Cell type that improves paracrine activity and engraftment rates Demonstrates multilineage potential   Phase II, not yet open for recruiting

  Safety Study of Allogeneic Mesenchymal Precursor Cells (MPCs) in Subjects With Recent Acute Myocardial Infarction                                         NCT00555828                 This trial will evaluate the safety and efficacy of dose‐dependent (25, 75, 150 mol/L) transendocardial injections of allogeneic stro3 MPCs using the Biosense NogaStarTM Mapping Catheter in patients with AMI.                                                                                      Assess optimal dose for stro3 MPCs\                                                                    Phase Ib/IIa, recruiting
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Explore late‐term dose related tolerance at days 90, 180, 360                                          

  Umbilical Cord‐Derived MSCs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  Randomized Clinical Trial of Intravenous Infusion Umbilical Cord Mesenchymal Stem Cells on Cardiopathy (RIMECARD)                                         NCT01739777                 This trial will evaluate safety and efficacy of umbilical cord derived mesenchymal stem cells (ucMSC) in patients with compensated dilated cardiomyopathy. Aims to have 30 patients with 2 arms; the first group will receive intravenous injection of ucMSC and other group will serve as control.   Ease of Access to MSCs\                                                                                Phase I/II, recruiting
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              Does not require invasive procedures to isolate MSCs                                                   

  Intracoronary Human Wharton\'s Jelly‐ Derived Mesenchymal Stem Cells (WJ‐MSCs) Transfer in Patients With Acute Myocardial Infarction (AMI) (WJ‐MSC‐AMI)   NCT01291329                 This is a double‐blind, placebo‐controlled, multicenter trial that involved 160 patients with acute STEMI. Patients received intracoronary infusion of WJ‐MSCs or placebo medium into infarct artery 4 to 7 days after a successful PCI therapy.                                                      WJ‐MSCs have short doubling time which allows them to be quickly produced in large numbers.            Study has been completed

  Allogeneic Bone Marrow‐Derived MSCs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  The POSEIDON‐DCM Study PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis in Dilated CardioMyopathy                                       NCT01392625                 This is a pilot study with 36 patients that will evaluate the safety and efficacy of transendocardial injections of allogeneic and autologous MSCs in patients with non‐ischemic dilated cardiomyopathy.                                                                                              Allogeneic MSCs offer the potential "off the shelf" therapy                                            Phase I/II, active recruiting

  STEMI: A Study of Allogeneic Mesenchymal Bone Marrow Cells in Subjects With ST Segment Elevation Myocardial Infarction                                    NCT01770613                 This trial will evaluate the safety and efficacy of allogeneic mesenchymal bone marrow cells that will be administered intravenously to patients who have experienced STEMI. Estimated enrollment will be 40 subjects.                                                                                Allogeneic MSCs offer the potential "off the shelf" therapy                                            Phase II, not yet open for recruiting

  MSCs and other Stem Cell Combinations                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

  AIRMID Trial: Autologous Cardioblasts for Reverse Remodeling in Ischemic Dilated Cardiomyopathy                                                           Not Registered                                                                                                                                                                                                                                                                                                                                                                                                                           Planning Phase
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

AMI indicates acute myocardial infarction; CAD, coronary artery disease LAD, left anterior descending; MSCs, mesenchymal stem cells; PCI, percutaneous coronary intervention.

MSC Precursors for Acute Myocardial Infarction
----------------------------------------------

It is now appreciated that bone marrow‐derived MSC precursors (MPCs) can be identified based upon cell surface marker expression. Notable examples include stromal precursor antigens (STRO‐1, STRO‐3) and CD271.^[@b57]--[@b61]^ After promising preclinical experimentation, STRO‐selected cells have progressed into phase II trials, including the Safety Study of Allogeneic Mesenchymal Precursor Cell (MPC) Infusion in Myocardial Infarction (AMICI Trial; NCT01781390). This is an ongoing, double‐blind trial conducted by Angioblast Systems that will assess safety and feasibility of intracoronary STRO‐3 MPC injections into patients who undergo left anterior descending revascularization after acute MI. Allogeneic STRO‐3 MPCs will also be studied in the Safety Study of Allogeneic Mesenchymal Precursor Cells (MPCs) in Subjects With Recent Acute Myocardial Infarction (NCT00555828), which is evaluating the safety and efficacy of transendocardial injections of MPCs. In vitro studies have shown that the STRO‐1 and STRO‐3 enriched populations exhibit a higher level of paracrine activity as well as proliferative and multilineage regenerative capacity compared to plastic‐adherent MSCs.^[@b57],[@b60]--[@b61]^ These qualities could improve engraftment rates and provide us with a more effective type of stem cell. With respect to CD271+ cells, preclinical studies are currently ongoing where selection of CD271+ cells from bone marrow of humans and pigs significantly increased clonogenic outgrowth of MSCs.^[@b58]^ By selectively choosing MSCs with antigens like STRO and CD271, researchers hope to improve the migratory, immunologic, and engraftment properties of MSCs.

Cardiopoietic MSCs for Chronic Ischemic Cardiomyopathy
------------------------------------------------------

Growth factor‐guided cardiopoietic specification of human bone marrow‐derived autologous MSCs has also shown efficacy in preclinical studies.^[@b62]^ These studies tested a recombinant cocktail consisting of transforming growth factor‐β‐1, bone morphogenetic protein‐4, activin A, retinoic acid, insulin‐like growth factor‐1, fibroblast growth factor‐2, α‐thrombin, and interleukin‐6 to induce cardiogenic differentiation of the harvested MSCs prior to transplantation. The recently published multicenter C‐CURE clinical trial assessed feasibility and safety of cardiopoietic MSCs therapy in patients with chronic ischemic cardiomyopathy.^[@b12]^ Forty‐five patients were randomized to standard medical care or autologous cardiopoietic MSC (600 to 1200 million) treatment delivered into viable but dysfunctional LV segments using electromechanical guidance. At 6 months follow‐up, there was improvement of clinical performance as assessed by improved 6‐minute walk‐test, decreased end‐systolic volumes, and increased LVEF in cell‐treated patients compared to controls ([Figure 8](#fig08){ref-type="fig"}). While these investigations into the therapeutic efficacy of MPCs and cardiopoietic MSCs are in the early stages, these lineage‐selected subpopulations of MSCs hold tremendous promise for regenerative medicine. Safety of MSCs has already been established, but now lineage‐selected subpopulations allow us to optimize the cell phenotype with the goal of increasing cell engraftment and retention.

![Greater reversal of remodeling after autologous cardiopoietic stem cell therapy at 6‐month follow‐up (C‐CURE trial). A, Changes in left ventricular ejection fraction (LVEF) for each individual patient. Control group (black) includes patients that received standard of care alone. Cell therapy group (gray) includes patients that received standard of care plus cardiopoietic stem cells. B, Median values for LVEF prior to and 6‐months following treatment. C, Changes in left ventricular end‐diastolic (ED) and end‐systolic (ES) volumes. Reproduced with permission from Bartunek et al, *JACC*, 2013.^[@b12]^](jah3-2-e000338-g8){#fig08}

Adipose‐Derived MSCs for Acute Myocardial Infarction
----------------------------------------------------

Preclinical studies have demonstrated therapeutic potential for adipose‐derived MSCs, laying the foundation for clinical trials.^[@b66]--[@b67]^ In a porcine acute MI model, intracoronary delivery of adipose tissue‐derived stem cells (ADSCs) or bone marrow‐derived MSCs similarly improved cardiac function after 4 weeks compared to control.^[@b66]^ This study demonstrated that not only bone marrow‐derived MSCs but also ADSCs engrafted into the infarct region 4 weeks after intracoronary cell transplantation improved cardiac function and perfusion via angiogenesis.

The noncultured adipose stromal vascular fraction, a heterogeneous population of cells with multilineage differentiation potential, is being tested in 2 clinical trials: The APOLLO Trial (NCT00442806; A Randomized Clinical Trial of AdiPOse‐derived Stem ceLLs in the Treatment of Patients With ST‐elevation myOcardial Infarction) and the ADVANCE study (NCT01216995; ADRCs Delivered Via the Intracoronary Route in the Treatment of Patients With ST‐elevation Acute Myocardial Infarction). Preliminary data from the APOLLO trial showed that the intracoronary infusion of autologous adipose‐derived stem and regenerative cells (ADRCs) in acute MI patients after successful revascularization resulted in improvement in LVEF and myocardial perfusion and reduction in infarct size.^[@b68]^ The ADVANCE study is a phase II/III trial that has been initiated to further evaluate the efficacy of this approach defined as reduction in infarct size at 6 months.

Adipose‐Derived MSCs for Chronic Ischemic Cardiomyopathy
--------------------------------------------------------

There is also one ongoing clinical trial using culture‐expanded adipose tissue‐derived MSCs, the MesenchYmal STROMAL CELL Therapy in Patients With Chronic Myocardial Ischemia (NCT01449032; MyStromalCell Trial), that is investigating the safety and efficacy of intramyocardial delivery of VEGF‐A~165~‐stimulated autologous adipose tissue‐derived MSCs to improve myocardial perfusion and exercise capacity and reduce symptoms in patients with chronic ICM. The PRECISE trial (NCT00426868; A Randomized Clinical Trial of Adipose‐Derived Stem and Regenerative Cells In the Treatment of Patients With Non Revascularizable Ischemic Myocardium) is using noncultured adipose stromal vascular fraction cells to test the effect of intramyocardial delivery in patients with chronic ICM. The preliminary data showed a reduction in infarct size and an improvement in maximum oxygen consumption and exercise capacity.^[@b69]^

In summary, the ease in preparation, immunoprivilege properties, multipotent nature, safety, and positive efficacy findings have made MSCs very promising for cardiac cell therapy.^[@b1],[@b14],[@b43]^ Cells can be collected using the most stringent and optimal criteria to improve efficacy and exclude comorbidities. The findings from POSEIDON serve as the first step to developing a cell therapy intervention that is truly practical in the clinical setting. Given that the allogeneic MSC phenotype offers major advantages in terms of availability, such as for time sensitive situations such as acute MI, much future research is expected to focus upon allografting for regenerative medicine. The possibility of having an effective "off the shelf" cell‐based intervention with regenerative effects could be transformative in the management of ischemic heart disease.

Clinical Trials Employing Cardiac Stem Cells
============================================

While the above‐mentioned sources of stem cells originate from extra‐cardiac locations, it is now apparent that tissue‐specific cardiac stem cells (CSCs) reside in niches ([Figure 9](#fig09){ref-type="fig"}) within the heart where they participate in cardiomyocyte turnover and contribute to myocardial recovery after injury.^[@b41],[@b70]--[@b71]^ This discovery represents a paradigm shift from the traditional concept that the heart had a finite number of myocytes from birth and that the only way to increase myocardial mass was by hypertrophy of existing myocytes.^[@b71]^ An impressive array of preclinical studies performed in multiple species has demonstrated that injection of CSCs into animal models with ischemic cardiomyopathy slows the progression of LV remodeling and improves LV function.^[@b72]--[@b76]^

![Human cardiac stem cell (CSC) niche in the myocardium. A, c‐kit+ (green) human cardiac stem cells (hCSCs) are nested in the interstitium and are surrounded by fibronectin (Fn, bright blue). These hCSCs are connected by gap junctions represented by connexin 43 (Cx43, yellow dots) and adherens junctions shown by N‐cadherin (N‐cadh, magenta) to cardiomyocytes (α‐sarcomeric actin, α‐SA, red). B, These cell‐to‐cell communications between CSCs and cardiomyocytes are indicated by arrowheads. C, Cell--Cell interactions between endogenous and exogenous stem cells. C and D, Immature mesenchymal stem cells (MSCs, green) are found within the swine myocardium to interact with resident c‐kit+ CSCs (red) by connexin‐43 (C, white) and N‐cadherin (D, white arrow) connections, closely resembling CSC niches. Panels A and B reproduced with permission from Leri et al, *Circulation*, 2013,^[@b70]^ panels C and D from Hatzistergos et al, *Circulation Research* 2010.^[@b41]^DAPI indicates 4\',6‐diamidino‐2‐phenylindole; GFP, green fluorescent protein.](jah3-2-e000338-g9){#fig09}

The promising preclinical studies coupled with technologic advancements facilitating isolation and ex vivo amplification of autologous c‐kit+ CSCs from heart biopsies of atrium or right ventricular septum set the stage for translational advancement of this field. Bolli et al built on the promising preclinical results and conducted a first‐in‐human clinical trial testing the therapeutic potential of cardiac c‐kit+ CSCs. The SCIPIO trial was the first randomized phase I study using c‐kit‐positive, lineage‐negative autologous CSCs in patients with LV dysfunction (EF \<40%).^[@b2]--[@b4]^ The CSCs were extracted from right atrial surgical appendage biopsies obtained during coronary artery bypass graft (CABG) surgery, and patients were treated with a single dose intracoronary injection of CSCs at 4±1 months after the surgery. Results from patients who finished a 2‐year follow up were recently published.^[@b36]--[@b37]^ At the 4‐month time point, 20 patients who had received CSC therapy demonstrated via 3‐dimensional (3D) echo an increase in LVEF from a baseline of 29.0±1.7% to 36.0±2.5% (*P*\<0.001). Additionally, these patients also had an improvement in regional wall motion score in all segments assessed by echocardiography. It is even more promising and encouraging to note that the improvements from CSC therapy were not only sustained but also increased at the 1‐ and 2‐year time points. The LVEF improved by 8.1% at 1 year (*P*\<0.001, n=17) and 12.1% at 2 years (*P*\<0.008, n=8). MRI analysis on 9 CSC patients demonstrated a reduction in scar size at 4 months (34.9±2.3 to 21.6±2.7 g, *P*\<0.001) and at 1 year (33.9±3.0 to 18.7±3.6 g, *P*=0.003, n=6) ([Figure 6](#fig06){ref-type="fig"}). Additionally, the viable LV tissue mass increased at 4 months (+11.6±5.2 g, *P*=0.055) and at 1 year (+31.5±11.0 g, *P*=0.035). In contrast, the control group of 13 patients demonstrated no significant improvement in LVEF (baseline: 29.2±1.9% to 4 months: 29.4±1.8%) or in patient quality of life, assessed by the Minnesota Living with Heart Failure Questionnaire (MLHFQ) ([Figure 7](#fig07){ref-type="fig"}).

This phase I trial established the safety profile of CSCs as no adverse effects were reported up to 2 years after therapy. Additionally, it demonstrated that interventions with autologous CSCs in patients with ischemic cardiomyopathy have a promising and beneficial impact that continued to increase until the 2‐year follow‐up time point.

Similar to the SCIPIO trial, the ALCADIA^[@b8]^ (NCT00981006) trial represents a second phase I CSC trial conducted by Takehara et al at the Kyoto Prefectural University of Medicine in Japan to evaluate safety and efficacy of using autologous CSCs with a controlled release of basic fibroblast growth factor (bFGF) in patients with ischemic cardiomyopathy with LV dysfunction (15%\<EF\<35%). Preliminary results of this nonrandomized, open label study that enrolled 6 patients were presented at the 2012 American Heart Association Scientific Session.^[@b8]^ Autologous CSCs, after proper isolation and harvest, were coinjected with bFGF directly into the infarct zone concomitantly with CABG. bFGF exerts stem cell proliferative properties and, in addition, the microvascular fabric weaved by bFGF enhances engraftment and long‐term survival of transplanted CSCs.^[@b8],[@b77]--[@b78]^ Cardiac MRI imaging showed that LVEF increased 12.1%, 6 months after CSC therapy. Additionally, cardiac MRI revealed a reduction in infarct size and significant improvement in wall motion score. The findings from SCIPIO and ALCADIA, albeit preliminary, offer promising results and encourage additional and larger clinical trials with CSCs.

Cell Combination Therapy
========================

One of the newest concepts in cardiac cell therapy is that of combining cells to leverage complementary or synergistic interactions between cells types. In preclinical models, Hatzistergos et al^[@b41]^ demonstrated that intramyocardial injection of bone marrow‐derived MSCs stimulated a substantial proliferation of endogenous cardiac c‐kit+ cells. Moreover, ex vivo mixing of the 2 cell types enhanced c‐kit+ cell proliferation and lineage commitment towards a cardiac phenotype. The established safety profile of MSCs and CSCs from POSEIDON and SCIPIO, respectively, created an opportunity for exploring therapeutic enhancement of combination cell therapy. Based on our findings that MSCs induce proliferation and differentiation of c‐kit CSCs,^[@b41]^ we investigated whether the combination of both cell types produced a greater reduction in MI size and improvement in LV function than each cell type alone.^[@b76]^ In a recent preclinical xenotransplantation study employing a myocardial ischemia‐reperfusion model, swine were administered either human combination CSCs/MSCs (1/200 mol/L, n=5), human CSCs alone (1 mol/L, n=5), human MSCs alone (200 mol/L, n=5), or placebo (PBS, n=5) intramyocardially to the infarct and border zones at 14 days post‐MI. Each cell therapy group reduced MI size relative to placebo (*P*\<0.05), but the MI size reduction was 2‐fold greater in combination versus either cell therapy alone ([Figure 10](#fig10){ref-type="fig"}A through [10](#fig10){ref-type="fig"}E), *P*\<0.05). There was also significant improvement in LV chamber compliance and contractility in the combination‐treated swine. EF was restored to baseline in all the cell therapy groups, whereas placebo pigs had no improvement in LV function (*P*\<0.05). The engraftment of stem cells was 7‐fold greater in the combination group versus either cell type alone ([Figure 10](#fig10){ref-type="fig"}F and [10](#fig10){ref-type="fig"}G, *P*\<0.001). In summary, combining human MSCs and human CSCs as a cell therapy enhanced MI size reduction and restored diastolic and systolic function toward normal after MI.

![Human c‐kit+ cardiac stem cells (CSCs) and bone marrow mesenchymal stem cells (MSCs) reduce infarct size and enhance engraftment in a porcine model. A through D, Delayed enhancement CMR images showing pre‐injection scar and 4‐weeks post‐injection scar changes (white arrows indicate infarct extension). E, Reduction in absolute infarct size from preinjection to 4 weeks post‐injection (\**P*\<0.05 within group ANOVA; ^†^*P*\<0.05 vs placebo at 4 weeks post‐injection by Bonferroni posttest). F, Immunohistochemical‐stained images showing clusters of Alu‐positive human stem cells (white arrows) engrafted in the infarct territory. G, Retention of Alu+ human stem cells was 7‐fold higher when hCSCs and hMSCs were injected together compared with either cell type administered alone (n=3 analyzed per treatment group). Graphs represent mean±SEM \**P*\<0.001 and \*\**P*\<0.05, between‐group 1‐way ANOVA. Reproduced with permission from Williams et al, *Circulation*, 2013.^[@b76]^ ANOVA indicates analysis of variance; CMR, cardiovascular magnetic resonance; MI, myocardial infarction; SEM, standard error of the mean.](jah3-2-e000338-g10){#fig10}

Together with the demonstrated safety of cell‐based therapy using MSCs^[@b1]^ and c‐kit+ CSCs^[@b2]--[@b3]^ in patients with ischemic cardiomyopathy (ICM), these preclinical findings illustrate important biological interactions between c‐kit+ CSCs and MSCs that enhance cell therapeutic responses and support the next phase in the concept of clinical trials for stem cells, a clinical trial that has received regulatory approval from the FDA. From the mechanistic perspective, a trial testing combination therapy will add to our fundamental understanding of regenerative medicine and basic stem cell biology. Should this trial show safety and efficacy results, we will have effectively capitalized on the synergistic behavior of 2 different cell types, which will in turn possibly advance therapeutic opportunities using cell‐based therapy.

Clinical Trials Employing Cardiospheres
=======================================

Another new approach for cell therapy is to employ culture‐expanded cellular products obtained from the heart itself. As initially described by Messina et al,^[@b79]^ under appropriate culture conditions, cells will emanate from pieces of myocardial tissue, expand, and form aggregates of cell clusters that have become known as cardiospheres. These floating spheres form in nonadhesive substrates. Essentially, they are a conglomerate of both early‐stage committed and primitive cells that in earlier descriptions contained a central core of c‐kit+ stem cells (≈15%), layers of differentiating cells, and an outside cell layer of mesenchymal stromal cells.^[@b80]^ More recent studies, however, have shown that the percentage of c‐kit+ cells in cardiospheres is as low as 3% to 7%.^[@b24],[@b81]--[@b82]^ The presence of connexin 43 and gap junctions between undifferentiated and differentiated cells plays a crucial role in the proliferation of the undifferentiated lineage and also functions as an avenue for electrical coupling in cells committed to forming myocytes. These findings have led to the proposal that cardiospheres could potentially recapitulate cardiac niche biology in the in vitro environment.^[@b14]^

Preclinical models have demonstrated that autologous as well as allogeneic cardiosphere‐derived cells (CDCs) reduce scar size and improve cardiac function after MI through mostly indirect (paracrine) but also direct mechanisms.^[@b24],[@b81]--[@b83]^ Recently, there have been several evolutions in the interpretation of the active constituent cell component within the cardiosphere. Initially, it had been proposed that the cardiac stemness properties of the cardiosphere were central to the activity of the cell therapeutic resulting in true cardiac regeneration. More recently, however, c‐kit depletion of the cardiosphere has been reported to not reduce the regenerative response.^[@b84]^ Moreover, recent studies have shown little‐to‐no medium‐ or long‐term engraftment of cardiospheres in myocardial injury models.^[@b81],[@b85]^ Together these findings support an interpretation that cardiospheres do not constitute a formulation of cardiac "stem cells" but are more likely to be cardiac stromal cells stimulating secondary endogenous repair.

Recent evidence from in vitro studies has also substantiated the potential use of allogeneic cardiac‐derived stem/progenitor cells.^[@b81],[@b86]^ Human cardiac stem/progenitors cells express very low levels of human leukocyte antigen (HLA) class II, do not express costimulatory molecules, do not trigger allogeneic T‐cell responses, and activate regulatory T cells in vitro.^[@b86]^ This immunomodulatory capacity, similar to that of MSCs, supports the feasibility of using allogeneic cardiac stem/progenitor cells for cardiac regeneration, although preclinical studies in large animal models are needed to confirm these findings.

CADUCEUS is the first randomized prospective phase I trial that assessed the safety of intracoronary administration of autologous CDCs to 31 patients 1.5 to 3 months after an MI.^[@b5]^ They demonstrated that the use of autologous CDCs after MI was safe. There was no significant difference in end‐diastolic volume and end systolic volume seen in either the CDC or control groups ([Figure 4](#fig04){ref-type="fig"}). However, compared to the control group of patients, those treated with CDCs showed increase in viable myocardium, regional contractility, and reductions in scar mass at the 6‐month time point. Clinical trials with larger numbers of patients and longer follow up are necessary to establish efficacy of CDCs in ischemic cardiomyopathy.

Evaluation of Stem Cell Therapy Efficacy by Cardiac Phenotyping and Clinical Parameters
=======================================================================================

The trials discussed above demonstrated the safety of a variety of adult stem cells. In order to compellingly and accurately demonstrate efficacy of stem cell therapies, innovative evaluation and assessment tools need to be investigated. Mechanistically, stem cell therapy is different than other currently available pharmaceutical interventions and therefore cannot be evaluated in the same manner. The purpose of cell therapy is to prevent or reverse ventricular remodeling, a pathophysiological process of MI that results in ventricular wall thinning and collagenous scar formation.^[@b87]^ Regeneration of the injured myocardial regions via cell therapy improves regional contractility, which only translates into a minor or insignificant improvement of LVEF, a measure of global cardiac function.

Until recently, EF was the primary endpoint to evaluate therapeutic interventions. While EF is a good measure of global cardiac function, it is load‐dependent and influenced by preload, afterload, and contractility.^[@b87]--[@b88]^ Additionally, in a post‐MI state, the neurohormonal system will induce a vasoconstrictive state that also results in a slightly reduced LVEF. The inconsistency between EF and efficacy of cell therapy is carefully highlighted in the phase I TAC‐HFT^[@b89]^ (NCT00768066) trial, where Williams et al^[@b43]^ showed statistically significant parallel decreases in end‐diastolic volume and end‐systolic volume at the 12‐month endpoint. These findings not only suggest the regeneration of myocardial tissue, but also translate into a prominent increase in regional function and contractility in the infarct zone. The true value and importance of cell therapies would be missed if EF was the sole endpoint utilized when evaluating ventricular remodeling. Variables indicative of LV remodeling, such as decrease in chamber volumes (Figures [2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}), sphericity index ([Figure 11](#fig11){ref-type="fig"}), and scar size reduction (Figures [5](#fig05){ref-type="fig"} and [6](#fig06){ref-type="fig"}) are proving to be more clinically meaningful and informative measures to elucidate the efficacy of stem cell therapies.^[@b1],[@b87]--[@b88]^ Therefore, the TAC‐HFT study, along with similar results seen in the POSEIDON study, reaffirms the need to focus less on global EF as a primary endpoint in evaluating the efficacy of cell‐based therapy.^[@b1],[@b20]^

![Reversal of remodeling as reduction of sphericity index in the POSEIDON trial. A, Four chamber MDCT images of a chronic ischemic cardiomyopathy patient with a sphericity index of 0.48 and (B) its reduction to 0.41 after transendocardial stem cell injection (TESI) with allogeneic mesenchymal stem cells (MSCs, 20 million). Sphericity index was calculated as: EDV/volume of sphere using long axis (LA) as diameter. EDV indicates end‐diastolic volume; MDCT, multi‐detector computer tomography; POSEIDON, PercutaneOus StEm Cell Injection Delivery Effects On Neomyogenesis.](jah3-2-e000338-g11){#fig11}

Whether it is stem cell differentiation into beating cardiomyocytes or the stimulation of endogenous progenitors that results in regeneration of the myocardial wall remains controversial. Various preclinical and clinical studies support potentially meaningful reductions of infarct size in patients with acute and chronic ischemic cardiomyopathy. It is certain that an imaging tool that can provide a detailed report on myocardial viability will provide a valuable tool for planning appropriate therapeutic strategies. Consequently, evaluation of myocardial viability has turned into one of the most important endpoints in assessing stem cell therapy efficacy. Imaging modalities such as cardiovascular magnetic resonance (CMR),^[@b49],[@b90]--[@b91]^ multi‐detector computer tomography (MDCT),^[@b48]^ and single‐photon emission computed tomography (SPECT) have been the focus of such an assessment.^[@b87],[@b92]^

Clinical trials like CADUCEUS,^[@b5]^ POSEIDON,^[@b1]^ ALCADIA,^[@b8]^ and SCIPIO^[@b2],[@b4]^ are now starting to measure efficacy of cell therapy via clinical parameters such as the 6‐minute walk test, peak VO~2~, and MLHFQ. The 2‐year results from SCIPIO and the autologous group in POSEIDON both demonstrated improvement in MLHFQ scores ([Figure 7](#fig07){ref-type="fig"}). The 6‐minute walk test has been proven to be a reliable and valid measure that can independently predict morbidity and mortality in patients with LV dysfunction.^[@b93]^

Our lab measured all 3 values in the comparison between autologous and allogeneic MSCs in the POSEIDON study. The findings indicate that allogeneic MSCs were the only group that resulted in improvement from baseline in the 6‐minute walk test and the MLHFQ questionnaire, but neither group improved Peak VO~2~. When compared to the hemodynamic and structural improvements, both cell groups demonstrated a reduction in both mean early enhancement defect (EED; infarct size) by −33.21% and sphericity index.^[@b1]^ Additionally, the improvement in end‐diastolic and end‐systolic volumes was similar between both groups (see online CINE CT supplementary video). This study was a good example of how the hemodynamic and structural improvements indicated by imaging may not always directly correlate to improvements in the clinical parameters.

The CADUCEUS,^[@b5]^ SCIPIO,^[@b2]--[@b4]^ and ALCADIA^[@b8]^ studies also found improvement in clinical parameters. In the CADUCEUS trial, patients injected with CDCs showed a mean increase of 33.0 m at 12 months in the 6‐minute walk test as compared to a 9.6 m decrease at 12 months in the control group. The peak VO~2~ also improved in the CDC injected group by 2.6 mL/kg per minute at the 6‐month time point and was stable in the control group, but the values were not significant. The MLHFQ scores declined equally in both the control and CDC groups, from 24.9 at baseline to 14.1 at 6 months in the CDC group and from 35.4 to 25.1, respectively, in the control group. Likewise, the patients who received CSCs in the SCIPIO trial also reported quality of life improvements using the MLHFQ. The ALCADIA trial also demonstrated improvement in clinical parameters as 5 of the 6 patients displayed improvements in New York Heart Association classification of III/IV to I/II and in maximal O~2~ from baseline value of 12.2 to 16.7 at the 6‐month time point.^[@b8]^

Conclusion
==========

The POSEIDON,^[@b1]^ SCIPIO,^[@b2]^ SWISS‐AMI,^[@b6]^ CADUCEUS,^[@b5]^ CCTRN trials, TIME,^[@b9]^ LateTIME,^[@b10]^ and FOCUS^[@b11]^ were crucial in establishing the safety profiles for bone marrow‐derived mononuclear cells, mesenchymal stem cells, and cardiac‐derived stem cells. Also emerging from the new wave of small clinical trials is a greater sense of the efficacy of cell therapy. Most importantly, these trials can also be evaluated from a mechanistic perspective as they have employed sophisticated imaging modalities that allow the evaluation of scar size and remodeling parameters in addition to measures of global and regional cardiac function. Additionally, the latest findings support an earlier idea that cell therapies may have a disproportionately greater impact on clinical outcomes relative to increase in EF, as shown by improvements in measures of patient functional status and quality of life. These latest findings from clinical trials of stem cell therapy bring us another step closer to a future with cell‐based therapeutic interventions for ischemic cardiomyopathies. There is substantial ongoing activity in planning new trials designed to evaluate the efficacy of various adult stem cells and also the combination of cell types such as the c‐kit+ CSC and MSC mixture that will be evaluated in AIRMID. With a substantial number of studies demonstrating safety, the stage is set for the field to contemplate pivotal clinical trials designed to demonstrate efficacy of cell therapies.
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